Transition linewidth of cross-correlations in random intensity fluctuations in EIT 
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It is known that cross-correlation between the random intensity fluctuations of two lasers forming 
electromagnetically-induced transparency (EIT) exhibits a transition from correlation to anticorre- 
lation. We study the linewidth behavior of this transition and have found the linewidth is below 
the (effective) coherence lifetime limit and is only limited by competing noises. We established a 
numerical model which reveals the linewidth dependence on laser linewidth and laser power. Our 
experiments using lasers with different linewidth showed results in qualitative agreement with the 
model. This result is useful for quantum optics using EIT, and may also have applications in 
spectroscopy and precision measurements. 
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Manipulating photon statistics and laser noise through 
coherent atom-light interaction has recently become a 
topic of great interest for quantum optics, spectroscopy 
and quantum information processing. Elcctromagneti- 
cally induced transparency (EIT) [l| or coherent pop- 
ulation trapping (CPT) [2| is one of the most widely 
used processes for such purposes. Interesting findings on 
both the quantum fluctuations and the classical noises 
in EIT/CPT fields have been reported. For instance, a 
CPT system can be used to generate entangled bright 
photon pairs Q and spin squeezing simultaneously 4 ; 
EIT is opaque to quantum fluctuations in laser fields 5 ; 
EIT-like features exist in the noise spectrum of lasers 6 - 
8] even when far off EIT resonance; a cross-correlation 
resonance Q in an EIT system can have linewidth be- 
low the coherence lifetime limit [To| by using frequency- 
modulated laser fields. 

In this paper, we study the the cross-correlation res- 
onance in the random noise case, especially for lasers 
with diffusive phase noises. It has been known that the 
cross-correlation between the random intensity fluctua- 
tions (converted from the random phase noise in lasers) in 
the two EIT optical fields exhibits a transition from cor- 
relation to anticorrclation when the Raman (two-photon) 
detuning is varied, with a linewidth narrower than that 
of EIT [3, 0. However, it remains unclear what deter- 
mines the linewidth. Here, we report the finding that the 
linewidth of the transition depends on the laser linewidth 
and laser power, and is below the coherence lifetime 
limit. In principle the linewidth can approach zero for 
infinitely narrow laser width if other noise sources are 
neglected. We established a numerical model which pre- 
dicts linewidth behaviors in good qualitative agreement 
with our experimental results. Although our current 
study is on classical noise, the result is meaningful for 
quantum noise experiments since laser phase noise is in- 
evitable and laser phase noise to intensity noise conver- 
sion (PN-IN) fllj may overwhelm quantum correlations. 



Meanwhile, this study can contribute to the interesting 
field of noise spectroscopy [H, [l3| , and can also be use- 
ful for precision measurement purpose since such PN-IN 
process degrades performance of atomic frequency stan- 
dards @. 

The physics picture for the sharp transition from 
correlation to anticorrelation was provided in fltl ] for 
frequency-modulated lasers. It is still applicable here 
since the random laser noise can be viewed as the sum of 
frequency modulation at all frequencies [3 . We consider 
a typical CPT configuration (see Fig.Q]) where the pump 
Ei and probe Ei have equal Rabi frequencies and iden- 
tical phase noises originated from the same laser source. 
They couple the excited state |1) to two ground states 
1 2), 1 3) respectively. Although the physics is valid for a 
generic A system, we consider the Zeeman EIT for sim- 
plicity. When the two-photon detuning A = 0, Ei and 
Ei have the same one-photon detuning, and hence expe- 
rience parallel PN-IN slopes leading to correlations; when 
A ^ 0, the sharp dispersion associated with the ground 
state coherence breaks the symmetry and induces a large 
offset (^> |A|) between the minima of the two transmis- 
sion spectra [TqI ■ This offset gives rise to opposite PN-IN 
slopes around (5 = resulting in anticorrelated IN [lj|. 
This picture indicates that narrower laser linewidth leads 
to sharper transition from correlation to anticorrclation, 
as shall be verified by our theory and experiments below. 

In our model, we assume the Rabi frequencies for E\ 
and Ei are f^i = Sl 2 = fie*^W, with cj>(t) being the ran- 
dom phase noise obe ying Gaussian statistics, known as 
Wiener-Levy process [l6l : 

< 4>(t) >= 0, < <fi(t)<j>(t') >= 2D6(t - t') (1) 

where D is the half width of laser spectrum at half 
maximum (HWHM). As in Eq. ([T]), the phase chang- 
ing rate 4>{t) does not depend on its historical fluctua- 
tions. Dynamics of the density matrix is determined by 
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FIG. 1: (Color online) Intuitive picture for the sharp transi- 
tion from correlation to anticorrelation in the intensity fluc- 
tuations of the two EIT fields Ei and E2- 8 is the averaged 
one-photon detuning, and A is the two-photon detuning, gen- 
erated by shifting the energy levels with a magnetic field via 
Zeeman shift. (See text for details). 
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the stochastic optical Bloch equation [l8| and the Hamil- 
tonian is: 

H = ni|3)(i| + n 2 |3)(2|-<y|3)(3| 

+A/2(|2}(2| -|1)(1|)+ H.c. (2) 

where S is the average one-photon detuning, A is the two- 
photon detuning and H.c. is the Hermitian conjugate. 
We phenomenologically introduce the excited state decay 
rate T with equal rates to |1) and |2), and ground state 
population difference (coherence) decay rate 71 (72)- The 
Rabi frequency is assumed to be much smaller than F, 
so the excited state can be eliminated and the optical 
coherence adiabatically follows the ground states. 

Since for typical diode lasers, the effect of phase noise 
on atom-light interaction dominates over that of the in- 
trinsic intensity noise, we neglect the latter in our model. 
The PN converted IN, 8I\ and 5I2 are obtained for cross- 
correlation calculation: c/ 2 ' (0) = (siiSi 2 ) where 

( ) is the time average. In the optically thin regime, 
intensity fluctuations are proportional to coherence fluc- 
tuations of atoms, which gives the zero time lag cross 
correlation of the INs @ 

(2)f i = (Im{Sp 31 {t))Im(Sp 32 {t))) 

^((Im(Sp 31 (tW)((Im(6p 32 (tW) 

where pij is the element of the atomic density matrix, 
and ( ) is the ensemble average. 

The average terms in Eq. (J3|) can be rewritten as 
{Im(5p i: j)Im(5p k i)) = \[{pij,pik) + (PjhPkl) - (Pij,Pkl) - 
{Pji,pi k )}, where (A, B) = (AB) - (A)(B). We then de- 
fine a vector composed of the independent elements of the 
density matrix u = (p bb , p cc , p ab , p ba , p ac , p ca , p bc , p cb ) T 
where p aa + Pbb + Pcc = 1 was applied. Following the per- 
turbation treatment in [l9| using Eq. ((I), the averaged 
master equation can be written as 

d t (u) = [A + 2 J DB 2 ](u> +b (4) 



FIG. 2: (Color online) Numerical calculation results, (a-b) 
(0) spectra at various Rabi frequencies for laser width D = 
1 MHz and D = 81 MHz. (c) # (2) (0) width vs. laser power 
for different laser width, (d) Saturated t/ 2 '(0) width vs. laser 
linewidth. Simulation parameters: ground state coherence 
decay rate 72 = n x 78 kHz, exited state decay rate F = 
2tt x 500 MHz. 

where Ao and b contain Rabi frequency, decay rates and 
dctunings, and B is a constant diagonal matrix. 

To compute the motion of (Im(5pij)Im(5pki)), we de- 
fine a matrix U = u T u— (u) T (u), and perform the same 
stochastic average and projection as for Eq. ((4]), and ob- 
tain 

d t (U) = [A + 2£B 2 ](U) - 2£(B 2 - B 2 )(U). (5) 

where Ao and Bi are of similar origins with Ao and B 
in Eq. (j4]) and B2 is a constant matrix arising in the pro- 
jection from (u) T (u) to (U). Since the slowly varying 
envelope of (U) is of our interest, the stationary solu- 
tion of Eq. ([5]) is taken to compute the cross correlation. 
For a two level-system, analytical solution for Eq. (|5|) has 
been derived, providing a clear picture of PN to IN con- 
version |2CH22| : however, explicit forms of the solution 
for a three-level system are difficult to obtain due to the 
much more cumbersome algebra. 

We have performed numerical calculation of Eq. ([5]) 
and the main results are summarized in Fig. [21 Fig.[5](a- 
b) show the lineshape of g^ 2 \0) spectra at several Rabi 
frequencies for a small and a large laser linewidth respec- 
tively, manifesting as a central peak superimposed on 
a broader dip-shaped structure resulted from the power 
broadened wing of g^(0) spectrum Q. At small op- 
tical pumping rate, complete anticorrelation cannot be 
reached because of weak ground state coherence, and the 
central peak merges with the wing whose linewidth is on 
the scale of the optical pumping rate. At higher laser 
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power, the outer wing structure is completely separated 
from the central narrow peak. 

The width of g (2) (0) is defined to be the full width at 
half of the central peak's amplitude. Fig. [2Jc) shows the 
lincwidth vs. Rabi frequency for different laser linewidth. 
When the laser linewidth is larger, the central peak itself 
is broader because the laser frequency samples through a 
wider range, "seeing" more of the parallel slopes; but on 
the other hand, the optical pumping rate T' p = 2 (r+2D) 
and correspondingly the wing width is smaller. These 
two effects act together to merge the center and wing 
structure of the g^ (0) spectrum, and as a consequence, 
the </ 2 ) (0) width increases with Rabi frequency since the 
outer wing's linewidth increases with Rabi frequency. For 
smaller laser linewidth, the central peak separates better 
from the outer wing, and so the g^ 2 \0) width behavior 
is dominated by the central peak whose width decreases 
with increasing Rabi becuase the offset (see Fig. []} is 
larger for higher laser power, making the anticorrelation 
appear sooner. For all laser widths, the 5^(0) width is 
saturated at high Rabi frequency because full anticorre- 
lation is reached. The saturated g^ 2 \0) width increases 
with laser linewidth but all remain below the lifetime 
limited width 272 (Fig. [2] (c)). 

To test the above theoretical results, experiments are 
carried out using a 87 Rb enriched vacuum vapor cell un- 
der CPT configuration with ground states being Zeeman 
sublcvels of 5 2 Si/ 2 , F = 2 and exited states being Zee- 
man sublevels of 5 2 Pi/ 2 , F' = 1. The effective ground 
state coherence decay rate in our system is determined 
by the transit time of the atoms crossing the laser beam. 
Within a three-layer magnetic shield, the vapor cell was 
placed in a solenoid which produces a homogenous mag- 
netic field for two-photon detuning adjustment. The laser 
beam was linearly polarized before entering the cell, and 
its right and left circular polarized components acted as 
Ei and E 2 in Fig. Q] and are separately detected at the 
cell output by amplified photo-detectors, ac signals were 
acquired at a local computer from an oscilloscope and 
the <7^(0) value was computed offline. 

We first used an external cavity diode laser with 
linewidth <1 MHz. The cell temperature was 52°C. 
EIT FWHM vs. laser power was measured as shown in 
Fig. E^b) (dark dots). We extrapolated the transit time 
limited width by fitting the data with polynomials and 
extending the fitting result to zero power. The obtained 
full width is 75 kHz, close to the transit time limited 
width estimated from the measured laser beam diame- 
ter of 2.8 mm. The g^(0) vs. A spectra at different 
laser power is shown in Fig. C2a). The FWHM of the 
central peaks of g^ 2 '(0) vs. laser power are plotted along 
with EIT lincwidth in Fig. EJb) . The narrowest lincwidth 
of g( 2 )(0) observed is about 1/3 of the transit linewidth 
of EIT. At small laser power, the <j( 2 '(0) spectrum can 
not achieve perfect anticorrelation because of the weak 
ground state coherence. Besides, electronics noise from 
the photo-detectors makes INs less correlated at A = 0. 
The trend of the g^ 2 '(0) width vs. laser power is consis- 
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FIG. 3: (Color online) Experimental results using a laser with 
linewidth about 1 MHz. (a) g^ 2 \0) spectra at various laser 
powers, (b) EIT and g (2) (0) linewidth vs. laser power. In the 
<;™(0) width curve, the line is to guide the eye. The dashed 
line in (b) is the fitted zero power EIT width with polynomial. 
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FIG. 4: (Color online) Experimental results using a laser with 
linewidth about 80 MHz. (a) g (0) spectra at various laser 
powers, (b) EIT and g (2) {0) linewidth vs. laser power. In the 
g^ 2 \0) width curve, the line is to guide the eye. The dashed 
line in (b) is the fitted zero power EIT width with polynomial. 

tent with our theoretical prediction for small laser width, 
except for slight broadening at large laser power shown 
in the inset in Fig.[3](b). We attribute this broadening to 
increased influence of laser intensity noise on g^ 2 '(0) at 
higher laser power. 

In a second experiment, we used a vertical cavity sur- 
face emitting laser (VCSEL) with a linewidth of ~ 80 
MHz. The vapor cell temperature was at 40° C to avoid 
excess absorption of the relatively weak laser beam (max- 
imal power was 250 fJ>W) . The <7^(0) spectra and the 
width along with EIT width are obtained at different 
laser power shown in Fig. 21 The extrapolated tran- 
sit width of EIT is 61 kHz, close to the transit width 
estimated from the laser diameter of 2.5 mm. g^ 2 \0) 
lincwidth is also below the transit width. The lincwidth 
increase with laser power is consistent with theory pre- 
diction for larger laser linewidth. 

In both experiments, measured g^(0) width is larger 
than predicted. Several factors neglected in the model 
contribute to the discrepancy: (a) intrinsic intensity noise 
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from the laser in E\ and E2 arc correlated and hence re- 
duces anticorrelation; (b) electronics noise in the photo 
detector and data acquisition system, and eventually 
laser shot noise (negligible compared to other noise in our 
system) are not correlated and bring the g^ 2 \0) towards 
zero; (c) Our system is not strictly in the optically thin 
regime, and studies show that g^ 2 \0) linewidth increases 
with optical depth [231 ]. These noise sources and compli- 
cations prevent the linewidth from approaching zero as 
predicted in our simple model. 

We note that the sharp transition from correlation to 
anticorrelation here has an inherent connection with the 
predicted sudden appearance of entanglement between 
collective o ptic al modes when Raman detuning deviates 
from zero [24j . In ref [Hj], a phase sensitive EIT based 
on a double A system is considered, where each A cou- 
ples two optical fields, and the two fields coupling to the 
same ground state form a quantum beat and hence can 
be viewed as a collective field. When the Raman detun- 
ing is zero, atoms are transparent to light and cannot 
induce quantum correlations to the lasers; once the Ra- 
man detuning deviates from zero, the sharp dispersion 
of the ground state coherence drastically modifies the 
statistics of the fields, and entanglement occurs between 



any two fields from different collective modes. In brief, 
the connection lies in that, in our case, atom-light inter- 
action induces anticorrelation when exact EIT resonance 
condition is broken, and in [24 |. it introduces quantum 
correlation between optical fields. 

In conclusion, we theoretically and experimentally 
studied the laser intensity noise correlations generated 
in atom-light interactions with a phase diffused laser 
in a CPT system, and found that the transition from 
correlation to anticorrelation can be very sharp due to 
the ground state coherence, with a linewidth below the 
lifetime-limited width and theoretically approaching zero 
at small laser width. This result is relevant to the realiza- 
tion of recent proposals of creating quantum correlations 
between two bright optical fields and also among atomic 
spins using CPT, and may be also used for spectroscopy. 
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